TeV scale double seesaw in left-right symmetric theories by Chakrabortty, Joydeep
ar
X
iv
:1
00
3.
31
54
v1
  [
he
p-
ph
]  
16
 M
ar 
20
10
HRI-P-10-03-001
TeV scale double seesaw in left-right symmetric theories
Joydeep Chakrabortty†
Harish-Chandra Research Institute,
Chhatnag Road, Jhunsi, Allahabad 211 019, India
Abstract
We extend the Type I and Type III seesaw mechanisms to generate neutrino masses
within the left-right symmetric theories where parity is spontaneously broken. We con-
struct a next to minimal left-right symmetric model where neutrino masses are generated
through a variant double seesaw mechanism. In our model at least one of the triplet
fermions and the right handed neutrinos are at TeV scale and others are heavy. The phe-
nomenological aspects and testability of the TeV scale particles at collider experiments
are discussed. The decays of heavy fermions leading to leptogenesis are pointed out.
† e-mail: joydeep@hri.res.in
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I Introduction
The Large Hadron Collider (LHC) is being operated to test the Standard Model (SM) and
the theory beyond it. Physics at TeV scale is expected to be probed. Will that be enough
to get the flavour of the physics beyond the SM? Physics in the neutrino sector might be a
smoking gun to probe the high scale theories. The small but nonzero neutrino masses are
unexplained within the SM. There are several models, beyond SM, which attempt to explain
the origin of the neutrino masses. Seesaw mechanism where light neutrino masses are generated
by integrating out the heavy particles is one of the popular and well established models. Studies
are going on to explore different possibilities within the seesaw models, namely Type I, II, III,
and Inverse seesaw depending on the nature of the heavy particles. These heavy particles carry
the signatures of the high scale theories and their need strongly motivates to go beyond the
SM.
In case of Type I seesaw mechanism [1], one should have atleast two fermion singlets νR (right-
handed neutrinos) and the neutrino masses read as mIνL ≃ m2D/MνR, where mD is the Dirac
mass term and MνR are the Majorana (lepton number violating) masses of the right handed
neutrinos. If mD ≈ 100 GeV, and MνR ≈ 1013 GeV, one obtains the natural value for the
neutrino masses mν ≈ 1 eV.
In Type II seesaw mechanism [2] the SM is extended by an SU(2)L triplet Higgs ∆. In this
scenario the neutrino masses are given by mIIνL ≃ Yνv∆, where v∆ is the vacuum expectation
value (vev) of the neutral component of the triplet and Yν is the Yukawa coupling. v∆ ≃
µv2/M2∆, where M∆ is the mass of the triplet and µ is the trilinear coupling between the SM
Higgs and the triplet. Light neutrino masses mν ≈ 1 eV if we assume Yν ≈ 1, v ≈ 100 GeV,
and µ ∼M∆ ≈ 1013−14 GeV.
For the Type III seesaw mechanism [3] one needs to add at least two extra matter fields
in the adjoint representation of SU(2)L with zero hypercharge to generate neutrino masses,
mIIIνL ≃ M2D/MΣ. Here MΣ stands for the mass of the fermionic triplets and MD is the Dirac
coupling.
We start with left-right symmetric theory and discuss a TeV scale double seesaw mechanism
for neutrino mass generation. In section II, we propose a model where right handed neutrino
masses are generated through a Type III seesaw and light neutrino masses are the outcome of a
Type I + Type III seesaw mechanisms. In the later sections, we discuss the phenomenological
implications of this model. In this context we point out the possible decay modes of the triplet
fermions and the right handed neutrinos. Leptogenesis, through the decays of right handed
neutrinos and triplet fermions, is discussed within the context of this model.
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II Double seesaw in left-right symmetric model
The so-called left-right symmetric models among the most appealing extensions of the SM
where one can understand the origin of parity violation in a simple way and we can generate
neutrino masses. The simplest theories are based on the gauge group SU(2)L ⊗ SU(2)R ⊗
SU(3)C ⊗ U(1)B−L. Here B and L stand for baryon and lepton number, respectively. The
matter multiplets for quarks and leptons are given by
QL =
(
uL
dL
)
≡ (2, 1, 3, 1/3), QR =
(
uR
dR
)
≡ (1, 2, 3, 1/3), (1)
lL =
(
νL
eL
)
≡ (2, 1, 1,−1), lR =
(
νR
eR
)
≡ (1, 2, 1,−1). (2)
In our model we have two Higgs doublets:
HL =
(
h+L
h0L
)
≡ (2, 1, 1, 1), HR =
(
h+R
h0R
)
≡ (1, 2, 1, 1), (3)
and a bidoublet Higgs:
Φ =
(
φ01 φ
+
2
φ−1 φ
0
2
)
≡ (2, 2, 1, 0), and Φ˜ = σ2Φ∗σ2. (4)
Under the left-right parity transformation one has the following relations
FL ←→ FR (5)
where F = Q, l, H .
The relevant Yukawa interactions for quarks in this context are given by
LquarksY = Q¯L(Y1Φ + Y2Φ˜)QR + h.c. (6)
Once the bidoublet gets the vev the quark mass matrices read as
MU = Y1v1 + Y2v
∗
2 and MD = Y1v2 + Y2v
∗
1, (7)
with v1 = 〈φ01〉 and v2 = 〈φ02〉. In the case of the bidoublet one has the following transformation
under the left-right parity
Φ←→ Φ† (8)
and Y1 = Y
†
1 and Y2 = Y
†
2 .
In this context the charged lepton masses are generated through the interactions
Ll = l¯L(Y3Φ + Y4Φ˜)lR + h.c. (9)
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and the relevant mass matrix is given by
Mℓ = Y3v2 + Y4v
∗
1 (ℓ = e, µ, τ). (10)
At the same time Dirac mass matrix for the neutrinos is written as:
mDν = Y3v1 + Y4v
∗
2. (11)
However, in this case one has the same situation as in the SM plus right-handed neutrinos
where we can assume a small Dirac Yukawa coupling for neutrinos. In this model right handed
neutrino can not have any tree level mass. Once the HL and HR acquire the vevs, vL and vR
respectively, left-right symmetry is broken. In our model vL=0 and the vev (vR) of HR sets the
scale where SU(2)R ⊗ U(1)B−L is broken to U(1)Y .
The realization of the variant double seesaw mechanism has not been studied in the context of
left-right symmetric theories. In order to realize this mechanism one has to introduce fermionic
triplets (one for each family):
ΣL =
1
2
(
Σ0L
√
2Σ+L√
2Σ−L −Σ0L
)
≡ (3, 1, 1, 0), (12)
and
ΣR =
1
2
(
Σ0R
√
2Σ+R√
2Σ−R −Σ0R
)
≡ (1, 3, 1, 0), (13)
and Higgses in the mixed representations of SU(2)L and SU(2)R, respectively.
△1 ≡ (3, 2, 1,−1) and △2 ≡ (2, 3, 1,−1). (14)
Under left-right parity transformation one has the following relations
ΣL ←→ ΣR and △1 ←→△2. (15)
In this case the relevant interactions (for the double seesaw mass matrix) are given by
LIIIν = Y5
(
lTL C iσ2 ΣL HL + l
T
R C iσ2 ΣR HR
)
+ MΣ Tr
(
ΣTL C ΣL + Σ
T
R CΣR
)
+ Y6 l¯L△2 ΣR + Y7 l¯R △1 ΣL + h.c. (16)
Therefore, once the Higgses △1 and △2 get the vevs, V1 and V2 respectively, SU(2)L⊗SU(2)R
is broken spontaneously. In the case when V1 ∼ 0 1 and V2 6= 0 one finds that the mass matrix
in the basis (νL, νR, Σ
0
R) reads as:
M IIIν =

 0 m
D
ν Y6V2
(mDν )
T 0 Y5vR
Y T6 V2 Y
T
5 vR MΣ

 . (17)
1As the vev affects ρ parameter, we assign a very small value to it. Because of lack of the couplings with
other neutral particles (νR,Σ
0
R
), Σ0
L
will only have negligible impact in the light neutrino masses.
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As one expects the neutrino masses are generated through the Type I + Type III seesaw mech-
anisms and one has a double seesaw mechanism since the mass of the right-handed neutrinos
are generated through the Type III seesaw once we integrate out Σ0R.
Assuming that MΣ >> Y5vR >> m
D
ν , Y6V2 one gets
mνL =
1
v2R(Y
T
5 Y5)
[mDν MΣ(m
D
ν )
T − vRV2mDν (Y6Y5)T − vRV2(Y6Y5)(mDν )T ] (18)
with right handed neutrino masses
MνR = v
2
RY5 (MΣ)
−1 Y T5 . (19)
Notice the double-seesaw mechanism, where the mass of the right-handed neutrinos are gener-
ated once the fermionic triplet is integrated out (Type III seesaw), and later the light neutrinos
get the mass through the usual Type I mechanism. Here we stick to the case vL = 0 since it has
been shown in [4] that this solution corresponds to the minimum of the scalar potential. Here
V1 does acquire a very feeble vev, so the ρ parameter in the SM will be negligibly affected. Eqs.
(10) and (11) allow us to consider mDν to be of the same order as the charged lepton masses.
This helps to fix the scales, MΣ and vR, compatible with the light neutrino masses. The first
term in the expression for light neutrino masses reads as:
mDνe ∼Me : mν1 = M2e /MνR1 , with mν1 = 0.1 eV,MνR1 ≃ 2.5 TeV
mDνµ ∼Mµ : mν2 =M2µ/MνR2 , with mν2 = 0.1 eV,MνR2 ≃ 108 GeV (20)
mDντ ∼ Mτ : mν3 =M2τ /MνR3 , with mν3 = 0.1 eV,MνR3 ≃ 1010 GeV.
Second and third terms can be expressed as:
mνℓ
∼= Y6V2Mℓ
Y5vR
(ℓ = e, µ, τ). (21)
In our model we consider Y6, Y5 < 1, vR ∼ 3 × 106 GeV in Eq. (19) and these lead to triplet
fermion masses : MΣ1 ∼ 4 × 109 GeV, MΣ2 ∼ 105 GeV, and MΣ3 ∼ 500 GeV. V2 ∼ 1 − 10
MeV in Eq. (21) is compatible with the light neutrino masses. In the next section, to test this
model, we explore the accessible decay modes of TeV scale triplet fermions and perform a brief
comparative study among them. Then we calculate the CP asymmetries leading to leptogenesis
from the decays of the heavy fermions.
III Signals of Triplet fermions
In this model we have TeV scale triplet fermions - neutral Majorana particle Σ0 and charged
particles Σ±. They have gauge interactions which favour to be studied at LHC than the singlet
5
fermion models. These TeV scale triplet fermions can be produced at LHC [6, 7, 8]. The
charged and the neutral fermions are produced through the processes:
pp→ qq¯ → Z∗/γ∗ → Σ+Σ−
pp→ qq¯′ →W ∗ → Σ±Σ0.
Σ0, having T3=Y=0, pair can not be produced as they do not couple to Z boson. The produc-
tion crosssection depend on the masses of the triplet fermions. The charged and the neutral
components of the triplet fermions can be treated almost degenerate inspite of having small
splitting for their phenomenological aspects.
One needs to study the decays of the triplet leptons to specify detection signals. The decay
modes for the heavy triplet leptons are mainly
Σ0 → l±W∓ , νZ , νh ,
Σ± → l±Z, νW± , l±h .
The Σ0 and Σ
± decay widths are given in [6, 7, 8]:
Γ(Σ± → ℓ±h) = Γ(Σ0 → νlh) = g
2
64π
|VlΣ|2 M
3
Σ
M2W
(1− m
2
h
M2Σ
)2,
Γ(Σ± → ℓ±Z) = Γ(Σ0 → νlZ) = g
2
64πc2W
|VlΣ|2M
3
Σ
M2Z
(1− m
2
Z
M2Σ
)(1 +
m2Z
M2Σ
− 2m
4
Z
M4Σ
),
Γ(Σ± → ν¯ℓW±) = 2 Γ(Σ0 → ℓ∓W±) = g
2
32π
|VlΣ|2 M
3
Σ
M2W
(1− m
2
W
M2Σ
)(1 +
m2W
M2Σ
− 2m
4
W
M4Σ
),
where VlΣ is the small mixing ∼ 10−6 − 10−8. Here we list the possible final states and their
respective branching ratios (BR) [8]:
i) 6 charged leptons l±l±l±l∓l∓l∓:
Σ+Σ− → ℓ+Z ℓ−Z with Z → ℓ+ℓ− (BR = 3.5 × 10−4). This has no SM background but the
cross section is very small. To explore this channel one needs very large integrated luminosities
∼ 300 fb−1
ii) 5 charged leptons l±l±l∓l∓l+:
Σ+Σ0 → ℓ+Z ℓ±W∓ with Z → ℓ+ℓ−,W → ℓν (BR = 2.2× 10−3);
Σ+Σ0 → ℓ+Z νZ with Z → ℓ+ℓ− (BR = 3.5× 10−4). This has also very small cross section.
iii) 4 charged leptons + jets:
We can have two possibilities: (a) three same sign leptons and one opposite sign lepton
(l±l±l±l∓+ jets) for the processes like, Σ+Σ0 → ℓ+Z ℓ+W− with Z → ℓ+ℓ−, W → qq¯′ (BR =
3.4×10−3), and (b) two pairs of leptons having mutually opposite signs (l+l+l−l−+jets/MET)
for the processes like, Σ+Σ− → ℓ+Z ℓ−Z with ZZ → ℓ+ℓ−qq¯/νν¯ (BR = 9.1× 10−3); Σ+Σ− →
ℓ+Z ℓ−H/ℓ+H ℓ−Z with Z → ℓ+ℓ−, H → qq¯ (BR = 6.9 × 10−3); Σ+Σ− → νW+ℓ−Z/ℓ+ZνW−
with Z → ℓ+ℓ−,W → ℓν (BR = 4.5 × 10−3); Σ±Σ0 → ℓ±Z ℓ−W+ with Z → ℓ+ℓ−,W → qq¯′
(BR = 3.4× 10−3).
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v) 3 charged leptons l±l±l∓:
For the discovery, signals with this final state is less suppressed by the background than other
cases. Σ+Σ0 → ℓ+Z ℓ±W∓ with Z → qq¯/νν¯,W → ℓν (BR = 2.8× 10−2); Σ+Σ0 → ℓ+H ℓ±W∓
with H → qq¯,W → ℓν (BR = 2.2 × 10−2); Σ+Σ0 → ν¯W+ ℓ±W∓ with W → ℓν (BR =
7.2× 10−3).
vi) 2 charged leptons + jets:
Lepton flavour violation manifests in the processes like: pp → l1 l¯2ZW+ and pp → ℓ1ℓ¯2ZZ,
where l1,2 are two different lepton flavours. The decays of Z into two leptons is the cleanest
signal. Here we consider only the hadronic decay modes of all the vector bosons leading to
l+l−jjjj. This might be the less clean channel but have largest event rate. We have listed below
the final states with opposite sign dileptons (OSD): Σ+Σ0 → ℓ+Z ℓ−W+ with → qq¯/νν¯,W →
qq¯′ (BR = 4.3 × 10−2); Σ+Σ0 → ℓ+H ℓ−W+ with H → qq¯,W → qq¯′ (BR = 3.3 × 10−2);
Σ+Σ0 → ν¯W+ ℓ−W+ withWW → ℓνqq¯′ (BR = 4.3×10−3); Σ+Σ− → ℓ+Z ℓ−Z with Z → qq¯/νν¯
(BR = 5.9× 10−2); Σ+Σ− → ℓ+Z ℓ−H/ℓ+H ℓ−Z with Z → qq¯/νν¯, H → qq¯ (BR = 8.9× 10−2);
Σ+Σ− → ℓ+H ℓ−H with H → qq¯ (BR = 3.4× 10−2).
We can have also same sign dileptons, l±l±, (SSD) in the final states: Σ+Σ0 → ℓ+Z ℓ+W− with
Z → qq¯/νν¯,W → qq¯′ (BR = 4.3× 10−2); Σ+Σ0 → ℓ+H ℓ+W−, with H → qq¯,W → qq¯′ (BR =
3.3 × 10−2); Σ+Σ0 → ν¯W+ ℓ+W− with W+ → ℓν,W− → qq¯′ (BR = 2.1 × 10−3). These SSD
final state processes are lepton number violating as well as lepton flavour violating. This signal
is less suppressed by the background as can not be faked by tt¯ production.
viii) 1 charged lepton ℓ± + jets:
This channel have large cross section but suppressed by background. The processes leading
to this kind of final states are: Σ+Σ0 → ν¯W+ ℓ∓W± with W → qq¯′ (BR = 1.28 × 10−1);
Σ+Σ0 → ℓ+Z/H νZ/H with Z → qq¯′/νν¯, H → qq¯ (BR = 1.82× 10−1); Σ+Σ− → ℓ+Z/H νW−
with Z → qq¯/νν¯, H → qq¯,W → qq¯′ (BR = 1.52 × 10−1); Σ+Σ− → ν¯W+ ℓ−Z/H with Z →
qq¯/νν¯, H → qq¯,W → qq¯′ (BR = 1.52× 10−1).
IV Signals of the right handed neutrinos
We have TeV scale right handed neutrino in our model and their signatures can be grabbed at
the LHC [9]. The main production channels of the single heavy right handed neutrino are:
pp → qq¯′ →W ∗ → ℓ±νR,
→ qq¯ → Z∗ → ννR,
→ gg → H∗ → ννR,
and the pair production signal is:
pp→ qq¯ → Z∗ → νRνR. (22)
The production cross sections are very much suppressed by the mixing matrix elements (Vlν)
and the SM backgrounds. Here we briefly discuss the possible decay modes:
νRi → l±l±W∓W∓ (l = e, µ, τ, i = 1, 2, 3). (23)
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This is a lepton number violating process. The decay widths for νR decays are same as for the
Σ0 in the above section. If we consider that W ′s decay hadronically then in the final state we
will have same sign dileptons (SSD) and 4 jets. There could be other comparatively clean
channels like l±l∓ + 4 jets, but these are not lepton number violating processes. We can also
look at the leptonic decay of one of the W ′s
νRiνRj → l±l±W∓W∓ → l±l±l∓ + MET + 2 jets. (24)
This might be a faithful decay mode to reconstruct the mass of the right handed neutrino as
there is a single source of missing transverse energy (MET). The combinatorial background can
be reduced by minimizing the difference of the masses of two right handed neutrinos.
V Leptogenesis
In present universe the baryon number density is much larger than expectation- baryon asym-
metry problem. Leptogenesis [10] is a good candidate for producing a lepton asymmetry which
can be transfered to a baryon asymmetry through a sphaleron effect. In order to have leptoge-
nesis the lepton number asymmetry (△L 6=0) must be generated and persist the evolution of
the universe to be converted into baryon asymmetry. CP violating interactions generate lepton
number asymmetry when a heavy Majorana fermion decays. One important ingredient that
determines the baryon asymmetry produced by thermal leptogenesis is the CP asymmetry εi.
In this model CP asymmetry can be produced from decays of heavy right handed neutrinos2
and triplet fermions. It is useful to decompose the CP asymmetry in Ni decays as the sum of
a Vertex contribution (Vj) and of a Self-energy contribution (Sj) [11, 12, 13].
εNi ≡
Γ(Ni → lH∗)− Γ(Ni → l¯H)
Γ(Ni → lH∗) + Γ(Ni → l¯H)
= −
∑
j
3
2
MNi
MNj
ΓNj
MNj
Ij
2Sj + Vj
3
(25)
where
Ij =
Im [(YNY
†
N)
2
ij]
|YNY †N |ii|YNY †N |jj
,
ΓNj
MNj
=
|YNY †N |jj
8π
≡ m˜jMNj
8πv2
, (26)
and where
Sj =
M2Nj∆M
2
ij
(∆M2ij)
2 +M2NiΓ
2
Nj
, Vj = 2
M2Nj
M2Ni
[
(1 +
M2Nj
M2Ni
) log (1 +
M2Ni
M2Nj
)− 1
]
, (27)
with ∆M2ij = M
2
Nj
−M2Ni and YN is the Yukawa coupling for the right handed neutrinos (see
eq. 9). The factors Sj (Vj) comes from the one-loop self-energy (vertex) contribution to the
decay widths, Fig. 1. The Ij factors are the CP violating coupling combinations entering in the
asymmetry. The CP asymmetry in hierarchical limit (MN2 << MN3) is given as:
εN2 = −
3
16π
MN2
MN3
Im[(YNY
†
N)
2
23]∑
i |(YN)2i|2
. (28)
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Nj
l
H
H
⋆
l
Nk
l
H
⋆
l
H
Nj Nk
Figure 1: One loop vertex and self-energy diagrams contributing to the asymmetry via decay
of RH neutrinos, MNj << MNk .
For leptogenesis, the one-loop diagrams (for triplet fermion decays), Fig. 2, are exactly the same
as for the right-handed neutrinos, Fig. 1, which lead to the same asymmetries up to SU(2)L
factors of order unity. The CP asymmetry (MΣi << MΣj ) is given as:
εΣi =
∑
j
3
2
MΣi
MΣj
ΓΣj
MΣj
Ij
Vj − 2Sj
3
, (29)
As we know in hierarchical limit Sj , Vj are of O(1). So the CP asymmetry from triplet decay is
suppressed by a factor of 3 in compare to NR decay. But the final amount of baryon asymmetry
is given by CP asymmetry multiplied by an efficiency factor (η) and a numerical factor which is
3 times larger than that for singlet fermion decay. This is because the triplet fermions have three
components. As pointed out earlier both have same decay width but the thermally averaged
decay width is 3 times larger for triplet fermions again because of three components. The CP
asymmetry from the self-energy and vertex correction diagrams of Σ (for MΣ2 << MΣ1):
εΣ2 = −
1
16π
MΣ2
MΣ1
Im[(YΣY
†
Σ)
2
21]∑
i |(YΣ)2i|2
, (30)
We have hierarchical heavy fermions in our model: MΣ2 < MN2 < MΣ1 < MN3 . This allows us
to have some more diagrams in vertex correction leading to CP asymmetry. As MN2 < MΣ1 ,
the CP asymmetry from N2 decay (with Σ1 is in loop)
εΣ1N2 = −
3
16π
MN2
MΣ1
∑
il Im[(Y ∗N )i2(Y ∗N)l2(Y †ΣYΣ)il]∑
i |(YN)2i|2
. (31)
Again there will be an extra contribution to CP asymmetry from decay of Σ2 where N2,3 will
be in loop of the vertex diagram. The contribution to CP asymmetry is:
ε
Nj
Σ2
=
1
16π
∑
j
MΣ2
MNj
∑
il Im[(Y ∗Σ)i2(Y ∗Σ)l2(Y †NYN)il]∑
i |(YΣ)2i|2
. (32)
2In this section we define right handed neutrinos as Ni and H is contained in Φ.
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Σj
l
H
H
⋆
l
Σk
l
H
⋆
l
H
Σj Σk
Figure 2: One loop vertex and self-energy diagrams contributing to the asymmetry via decay
of fermion triplet, MΣj << MΣk .
VI Conclusions
A variant double seesaw mechanism for neutrino mass generation is discussed in the context
of left-right symmetric theories where parity is spontaneously broken. Neutrino masses are
generated by integrating out triplet and singlet fermions. In our model we have both heavy
and TeV scale fermions. The decays of heavy right handed neutrinos and triplet fermions
lead to leptogenesis. Their scale is not suitable for the LHC study of this model. But the
triplet fermions and the right handed neutrinos having masses few TeV are within the reach
of the LHC and ILC. Their possible signatures are discussed in the context of collider physics.
The distinguishable final states: (i) six and five lepton final states, (ii) four leptons with total
electric charge +2 - from triplet fermion decays along with the right handed neutrino signals
make this model much more testable. In this model we can capture both leptogenesis and
collider aspects as the heavy fermions coexist with the TeV scale fermions. This makes our
model phenomenologically rich and testable. A detailed comparative study of the signals will
be discussed in future publication in the context of the LHC and ILC [14].
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